tribometer.
Sliding was unidirectional at 0.27 m/sec under a nominal contact stress of 340 kPa.
Gold sputter or ion plating deaosited films were used to reduce friction and wear. Rhodium and palladium films were used beneath the gold lubricating films to prevent diffusion of the substrate into the gold at high temperature.
The friction and wear of the unlubricated specimens was unacceptable. Anticipated seal temperatures may reach I000°C in both reducing (hydrogen) and oxidizing (air + H20 vapor) atmospheres (Ref. I). The materials and lubrication methods chosen, therefore, must be both thermally and chemically stable and be able to function tribologically at low temperatures for vehicle start up and also at high operating temperatures. Furthermore, to allow for active cooling and possible component distortions, the materials chosen must be thermally conductive and mechanically flexible.
One seal design which allows flexibility and thermal conductivity has been developed at NASALewis Research Center (Ref. 2) . This seal design is intended for engine applications but could be modified for other uses such as airframe seals. Figure l shows, schematically, this seal design concept. The concept consists of a spring loaded ceramic rope which forms a linear seal and slides against the engine walls. The ceramic rope is woven from a high temperature alumina-boria-silicate fabric which is capable of withstanding use temperatures up to I000°C. The successful operation of this seal depends upon its ability to slide back and forth over the engine wall without breaking the ceramic rope or causing damageto the engine wall. Also, to reduce seal articulation power requirements, the friction between the lightly loaded seal rope (estimated at 340 kPa, 50 psi) and the engine wall must be as low as possible. Tribological data for the candidate materials are currently unavailable.
This paper presents the results of a program to determine the feasibility of using ceramic/Ti3AI-Nb sliding couples as seal materials. x-ray spectroscopy (EDS) indicate that the prepared surface was free from contaminants and large scratches. Figure 3 is a photograph of someTi3AI-Nb wear disks.
LUBRICATION TREATMENTS

Fabric
For lubricatlon, sputtered gold was applied to the fabric surface. Prior to gold deposition, the fabric was sputter cleaned. The deposition parameters are given in Table I .
Disks
Somewear disks were coated with gold either by sputtering or ion plating.
lon plating differs from sputtering in that a voltage potential is applied between the source and the specimen during deposition producing a more graded
Interface. Consequently, |on plating produces more adherent coatings than sputtering (Ref. 5). The motivation for using ion plating was that the better coating adherence would result in better lubrication than the sputtered coatings. Figure 4 shows, schematically, the ion plating process.
Diffusion Barrier Treatments
To function as lubricant coatings, the deposited films must not chemically Palladium is one diffusion barrier which was tested. Prior to sputter depositing a I00 nm thick gold film, a 50 nm palladium diffusion barrier was sputter deposited (see Table I ). The lubricated disks were not treated after lubricant deposition.
After the specimens were loaded, the test chamber was purged with the test gas for 10 min before testing was begun.
The total test duration was I hr. The specimens were slid for the first 20 min at room temperature then slid during IO min heating period to 700°C.
They were then slld for lO min at 700°C and then slid for the final 20 min during cooling to 25°C. Selected specimens were tested twice to ascertain trlbological behavior after repeated test temperature cycles. The results for the gold coated fabric sliding on the unIubricated disk are presented in Fig. 7 . Again, the friction coefficient was low at 0.37±0.03
RESULTS
initially at room temperature. However, upon heating, the friction increased to 1.3±0.2 at 700°C. Nhen cooled to room temperature again, the friction decreased slightly to 1.0±0.2 (Fig. 7) . Therefore no significant benefit was obtained by applying the sputtered gold to the fabric when slid against the intermetalllc. Severe fiber breakage occurred during these tests.
Whenthe gold sputter coated disk was slid against the bare Fabric, the Figure II shows a sketch of the layered structure following the heat treatment.
Because the near surface region contained significant gold and had a smooth surface it could provide lubrication to the fabric. Therefore,
tribotest disk specimens were prepared tested. Another reason is that the surface of the interrnetallic becomesrough when it oxidizes, which may increase the friction and wear. The surface finish of the polished disks was 0.I pm rms and the oxide film which develops during testing or static heating had a surface finish of 0.4 pm rms. Therefore, during sliding, rough oxide "asperities" may be grabbing at and breaking the individual fibers which may lead to high friction and fabric damage.
Gold was sputtered onto the fabric surface as a solid film lubricant.
Since the gold does not adhere to the oxide layer on the Ti3AI-Nb surface it did not transfer from the fabric to this surface and, hence, did not lubricate well. EDSanalysis of the wear specimens after sliding indicated that no gold had transferred to the disk surface. Visual examination showed that most of the gold which had been sputtered onto the fabric had been worn off during sliding.
method.
Clearly, sputtering gold onto the fabric is not a good lubrication
To encourage the development of a good lubricating film, gold was next sputtered onto the polished intermeta]lic disk surface. By doing this, a larger volume of gold is present over the entire disk sliding area instead of only over the small pin area as was the case previously. It was hoped that by having a larger gold wear volume available, longer wear lives would be achieved. This lubrication method, however, was also unsuccessful. After only a few minutes of sliding, the pin fabric had wiped the gold off of the disk surface. This indicated that there was again a very poor bond between the gold and the substrate.
To achieve better bonding, a more energetic form of coating, ion plating, was tried.
The test results were interesting but not tribologically successful. At room temperature, the friction coefficient was very low. The gold film remained in the wear track on the disk and the friction remained low until the specimens were heated to 400°C. As previously stated, at 400°C, the shiny gold film on the track turned brown and dull and the friction increased an order of magnitude.
EDSx-ray analysis of the ion plated specimen after testing, shown in This oxidation process uses up free titanium at the gold/air interface creating a chemical sink for free titanium which helps to enhance the diffusion process.
They estimate that the oxide layer grows to be about; 40 nm thick before the process is slowed. At room temperature, the friction is low because the fabric is sliding on a gold film. At 400°C, the titanium diffuses through the gold and the surface film becomesa rough, thin oxide which does not provide lubrication. Therefore, the friction increases and the fabric fails. Clearly, a diffusion barrier as well as a lubricant film is needed.
Only the ion plated gold film experienced this diffusion problem. Since the sputtering of gold onto the disk surface was done without presputter cleaning, the sputtered gold film was actually applied over an oxide layer which prevented titanium diffusion yet also prevented good adhesion.
One attempt to achieve both diffusion inhibition and lubrication was to use a palladium diffusion barrier under the sputtered or ion plated gold film.
This procedure failed. Like the ion plated gold films, the specimens suffered severe diffusion when heated above 400°C in a furnace. After a heat treatment to 700°C, an x-ray photoelectron spectroscopy (XPS) depth profile was done which indicated that the surface was primarily aluminumoxide with some II titanium oxide (Fig. 9) .
Neither of these oxides is a good lubricant. Thus, a better diffusion barrier was needed.
One reason why the Pd film failed may be that gold and palladium can form solid solutions, especlally at elevated temperatures. Thus, when the specimens were heated, the gold and palladium intermixed allowing gold and the substrate to interact. Clearly a successful diffusion barrier will be one that does not form solid solutlons with either gold or the Ti3AI-Nb substrate.
Rhodium was chosen as a diffusion barrier because its high melting temperature (-2000°C) leads to low homologous temperatures during use which may hinder dlffusional processes. Also, gold and rhodium form no solid solutions with one another even up to IOOO°C.
There was no discernible interdiffusion of the rhodium/gold films during the heat treatment tests until the temperature reached 700°C. At 700°C, a violet film covered the surface. The surface, however, remained smooth. After the treatment, an XPS depth profile was performed. Figure IO shows the results.
The surface layer was a thin film of rhodium (presumably the oxide) under which was a thicker gold layer with significant amounts of titanium and aluminum and oxygen. Under this layer was a rhodium rich layer with aluminum, titanium and oxygen (Fig. 11) . Although the lubricating film suffered some diffusion, because the surface region still contained significant gold and had a smooth surface finish it did provide some lubrication to the fabric.
Though the friction for the rhodium/gold film increased following the heating cycle, the fabric sustained no significant fiber breakage, probably because the smooth surface had no rough asperities to "grab" at individual 
